Ecologists widely acknowledge that a complex interplay of endogenous (densitydependent) and exogenous (density-independent) factors impact demographic processes. Individuals respond differently to those forces, ultimately shaping the dynamics of wild populations. Most comprehensive studies disentangling simultaneously the effects of density dependence, climate, and prey abundance while taking into account age structure were conducted in terrestrial ecosystems. However, studies on marine populations are lacking. Here we provide insight into the mechanisms affecting four vital rates of an apex Antarctic marine predator population, the South Polar Skua Catharacta maccormicki, by combining a nearly half-century longitudinal time series of individual life histories and abundance data, with climatic and prey abundance covariates. Using multistate capture-mark-recapture models, we estimated age classes effects on survival, breeding, successful breeding with one or two chicks and successful breeding with two chicks probabilities, and assessed the different effects of population size, climate, and prey abundance on each age-specific demographic parameter. We found evidence for strong age effects in the four vital rates studied. Vital rates at younger ages were lower than those of older age classes for all parameters. Results clearly evidenced direct and indirect influences of local climate (summer sea ice concentration), of available prey resources (penguins), and of intrinsic factors (size of the breeding population). More covariate effects were found on reproductive rates than on survival, and younger age classes were more sensitive than the older ones. Results from a deterministic age-structured density-dependent matrix population model indicated greater effects of prey abundance and sea ice concentration on the total population size than on the breeding population size. Both total population size and the number of breeders were strongly affected by low values of sea ice concentration. Overall, our results highlight the greater sensitivity of reproductive traits and of younger age classes to prey abundance, climate variability, and density dependence in a marine apex predator, with important consequences on the total population size but with limited effects on the breeding population size. We discuss the mechanisms by which climate variability, prey abundance, and population size may affect differentially age-specific vital rates, and the potential population consequences of future environmental changes.
INTRODUCTION
Population dynamics depends on a complex interplay of endogenous (density-dependent) and exogenous (density-independent) factors (Bjørnstad and Grenfell 2001) . Negative density dependence tends to keep populations near equilibrium through population density feedbacks on demographic rates (e.g., survival, reproduction and recruitment), resulting in variation of the population growth rate that, in turn, drives the population abundance. Density-independence encompasses demographic stochasticity and exogenous factors such as environmental variability (weather, food. . .) and predation (Berryman 1999 , Grange et al. 2015 , which act as limiting factors.
Demographic responses to these factors differ among individuals according to age (Charlesworth 1980 , Pardo et al. 2013 , Oro et al. 2014 . Studies on wild populations have reported an increase of survival and reproductive rates from early ages to intermediate age (Forslund and P€ art 1995, Gaillard and Yoccoz 2003) . This improvement of demographic performances could result from three non-mutually exclusive processes: the progressive disappearance of phenotypes (the selection hypothesis), an increase in parental investment in older individuals (the restraint hypothesis), and an improvement of foraging, migration or reproductive skills required to breed and to cope with environmental constraints (the constraint hypothesis; Williams 1957 , Curio 1983 , Newton 1998 , Rebke et al. 2010 . In intermediate age classes, demographic performances of individuals stabilize or immediately decline after the age of primiparity (Jones et al. 2008) . The decline in demographic performances may originate from two non-exclusive sources (Williams 1957 , Hamilton 1966 : senescence, i.e., the natural decline of physiological functions with age (Monaghan 2008) , or the consequences of a trade-off between investment in current or early reproduction and subsequent reproduction and survival (Stearns 1989) . Following the terminal investment theory, reproductive effort of elderly could also increase (McNamara et al. 2009 ). In addition to age-related variations in demographic traits, individuals may differentially respond to environmental variations according to their age, young and old individuals being generally more sensitive to environmental variation (Stearns and Kawecki 1994 , Gaillard et al. 2000 , Coulson et al. 2001 , Gaillard and Yoccoz 2003 , Oro et al. 2010 , Pardo et al. 2013 ).
However, it remains difficult to quantify the relative effect of these factors on the full life cycle of a species because it requires long-term data for climate, and the resources and demographic information, which are often laborious and difficult to acquire (Coulson et al. 2001, Clutton-Brock and Sheldon 2010) , particularly in marine ecosystems (Stenseth et al. 2002 , Zabel et al. 2006 ). The relevant covariates could also be difficult to gather due to logistical limitations or lack of relevant knowledge, often constraining studies to use indirect measures intended to represent the relevant processes, i.e., proxies (Frederiksen et al. 2007 ). In marine ecosystems, the local variation in food abundance is often approximated indirectly through oceanographic physical variables such as sea surface temperature (Frederiksen et al. 2007 ), largescale stock estimates from fisheries (Cury et al. 2011) , or industrial fishing effort and catches (Rolland et al. 2009 ).
To address this gap of knowledge, we present here a comprehensive demographic study to understand how age-related effects of density dependence, climate variation, and prey abundance affect the full life cycle of an apex marine predator, the South Polar Skua (Catharacta maccormicki (Saunders, 1983) generic assignment Carlos 2016), using a 52-yr longitudinal capture-recapture data set. In polar ecosystems, skuas are top predators and scavengers that play an important role in ecosystem functioning (Votier et al. 2007 , Dawson et al. 2011 , Schmidt et al. 2012 , Barraquand et al. 2014 ). However, their demographic and population responses to fluctuations in climate and prey abundance remain poorly understood, especially in Antarctic ecosystems. A previous study on the same population analyzed the sensitivity of the breeding population growth rate to density dependence, local climate conditions and prey abundance using a time series analysis (Pacoureau et al. 2018) . They found evidence of a direct negative densitydependent regulation of the breeding population and suggested territorial behavior as a limiting mechanism of the breeding population. Various forms of relationships between breeding population size and climate and prey factors were detected by Pacoureau et al. (2018) , as well as lagged effects. Although this study provided significant insight into the factors driving the population dynamics, such a time series approach based on abundance data did not allow the identification of the underlying demographic processes involved.
Building on these earlier findings, our main objectives are twofold. First, using longitudinal individual data, we characterize the functional age-specific responses of the population vital rates to intrinsic and extrinsic factors. Specifically we aim (1) to estimate age-class effects on four demographic parameters (survival probability, probability of breeding, probability of a successful breeding with one or two chicks, and probability of a successful breeding with two chicks), and (2) to assess the different effects of population size, climate, and prey abundance on these age-class specific demographic parameters. Second, at the population level, we develop an age-structured density-dependent matrix population model (Caswell 2001) , which explicitly includes the functional relationships between demographic rates and influential covariates. Based on previous knowledge of this population and from the existing literature, we test three predictions.
HYPOTHESES AND PREDICTIONS

Prediction 1
As predicted by theory and typically observed in longlived species, we expected vital rates of younger age classes of South Polar Skuas to be lower than those of older age classes either due to inexperience, poor foraging skills, and/or a progressive selection of "high-quality" (or "less frail") individuals, and a decrease in survival and/or breeding performances in the latest age class.
Prediction 2
As the population growth is a function of all vital rates, different combinations of survival and fecundity patterns can lead to the same population growth rate. Pacoureau et al. (2018) found a lagged linear effect of local climate with warmer spring air temperature on breeding population size of South Polar Skua. It could be evidenced by a linear relationship with one vital rate, for example juvenile survival or rates related to breeding success and thus subsequent recruitment of individuals. A U-shaped response of the number of breeding South Polar Skuas to sea ice concentration with a lag was also outlined. It was proposed that sea ice conditions could act indirectly via the population dynamic of their main prey, Ad elie Penguins Pygoscelis adeliae, showing the exact reverse response to this same environmental factor. We thus expected that this relationship could be explained by (1) quadratic relationships between sea ice concentration (SIC) and one or more vital rates (breeding success parameters or juvenile survival), or (2) an opposite relationship (positive and negative) between sea ice concentration and two or more vital rates (e.g., a strong positive relationship between juvenile survival and a strong negative relationship between breeding success with sea ice concentration could lead to an increase of the number of young individuals at both extreme values of sea ice concentration). The availability of another prey item, dead Emperor Penguin chicks Aptenodytes forsteri, impacted positively the breeding population size but without lag, thus possibly affecting directly breeding probability of South Polar Skuas.
Prediction 3
We expected negative density dependence to occur in this population primarily because South Polar Skuas show strong territorial behavior as territories include both breeding and feeding grounds Guillotin 1979, Ainley et al. 1990 ). Two previous studies using time series analyses have suggested regulation of this population (Lande et al. 2002 , Pacoureau et al. 2018 .We thus expected a negative relationship between breeding probability and population size. Since sibling competition and egg and chick predation by conspecifics has also been reported in South Polar Skuas (Procter 1975, Young and Millar 2003) , we could also expect a negative relationship with population size and breeding success parameters.
METHODS
We conducted a comprehensive demographic study of the effect of the environment on the vital rates and population size of South Polar Skuas. First, our aim was to understand the effects of density-dependent and densityindependent processes on the vital rates by accounting for the age of individuals. To do so, we analyzed a longitudinal individual data set using statistical capture-recapture models and determined the best age structure for each vital rate. Second, we investigated potential influence of covariates (density dependence, climate, prey abundance). Finally, we constructed a life cycle structured by age classes and incorporated the effect of the influential covariates on the vital rates into a structured matrix population to project the population size of South Polar Skuas.
Study species
The South Polar Skua generally breeds in colonies in Antarctica and is highly territorial during breeding with strong site tenacity and mate fidelity (Young 1963 , 1972 , Jouventin and Guillotin 1979 , Ainley et al. 1990 , Pietz and Parmelee 1994 . South polar skuas were studied on the Pointe G eologie archipelago, Terre Ad elie, Antarctica (66°40 0 S, 140°01 0 E), where they regularly breed on 15 islands. Pair formation starts in October and usually two eggs (one in late nesting pairs) are laid at intervals of 2-4 d in mid-November. Hatching of the eggs occurs in late-December and chicks fledge 50 d after (Young 1963) . Parents feed their chicks until chicks leave the nesting territory (Spellerberg 1971a) at the end of the breeding season between late March and mid April (Le Morvan et al. 1967) . Individuals start to breed when 3 yr old at the earliest. Most females start breeding between 5 and 7 yr and slightly later for males (Ainley et al. 1990) . At Pointe G eologie, South Polar Skuas feed almost exclusively on penguins. Eggs and chicks of Ad elie Penguins constitute the main food resources during the breeding season (Jouventin and Guillotin 1979 , Micol and Jouventin 2001 , Cherel 2008 , Carravieri et al. 2017 . After arriving on the breeding grounds in October, South Polar Skuas feed regularly on dead Emperor Penguin chicks that are available at the surface of sea ice occupied by the penguin colony during the breeding season (Pryor 1968 ). After the breeding season, adults from Pointe G eologie migrate directly to winter off eastern Japan at latitudes of 35°to 45°N, without marked stopovers .
Longitudinal data sets
Every year since 1963/1964 (named the 1963 breeding season), all islands of the archipelago were visited regularly by foot on fast ice or by boat after break up of fast ice, and South Polar Skua territories were recorded and counted. We considered a pair to have established a territory when its members vigorously defended an area against the intrusion of an observer. Chicks just before fledging and unbanded individuals (breeders and nonbreeders) found in territories and their surroundings were captured and banded with a stainless steel band and a plastic band engraved with a unique alphanumeric code. We used plastic bands to facilitate individual identification at distance using binoculars. Every breeding season, from mid October to mid April, nesting territories were visited every two weeks (4-12 visits per territory) and each partner of a breeding pair was identified at the time of the visits. Breeding status was determined by checking the nest contents during each visit for the presence of eggs or young chicks, and nest surroundings for the presence of chicks. To ascertain breeding status, the territories were searched intensively. A group of nonbreeding individuals ("clubs"), a common feature of Stercorariidae (Furness 1987) , of~30-50 individuals found at the same place all years in the study area was also checked, with the same survey intensity as for breeding individuals, for individual identification of banded birds. We considered observations of individuals banded as chicks in Pointe G eologie (n = 1,567) during the period 1963-2014, allowing us to know the age at recaptures with precision. Until recently, very few individuals were sexed and thus we do not have information on sex for most individuals. Therefore, sex was not taken into account in this study.
A capture-recapture model to estimate the vital rates
To estimate demographic parameters simultaneously, and the effects of age, population size and covariates while taking into account imperfect detectability of marked individuals at the study site, we used multistate capture-mark-recapture models (MSCMR; Brownie et al. 1993, Lebreton and Pradel 2002) . We estimated the following demographic parameters: apparent survival probability (φ), probability of return to the colony for immature individuals (r), probability of breeding (b), probability of successful breeding (at least one chick fledged, c), probability of successful breeding with two chicks (d), and the recapture probability (p).
To do so, we constructed a MSCMR model including seven states (immature [I], immature that have returned to the colony at least once [IR], non-breeder [NB], successful breeder with one fledged chick [SB1], or two fledged chicks [SB2], the failed breeder [FB] , and the dead state [ †]). Immature individuals are birds that have not laid an egg into the breeding population. Immature individuals can return to the colony with probability r and then have the probabilities of breeding defined above (i.e., the non-breeder state, the successful breeder state with one fledged chick or two fledged chicks, the failed breeder state when the egg(s) laid did not hatch and/or the chick(s) died before fledging. Capture histories were coded considering five events corresponding to field observations: 0, not observed; 1, seen as NB; 2, seen as FB; 3, seen as SB1; 4, seen as SB2.
First we developed a general age-dependent model where all mathematical parameters were identifiable (see Appendix S1). To ensure that the starting (general) model adequately fitted the data, goodness-of-fit tests were performed for multistate models (Pradel et al. 2003) using the software U-Care, version 2.3.2 (Choquet et al. 2009a) . We ran the test on the JollyMoVe (JMV; Brownie et al. 1993 ) umbrella model for multistate data. The goodness-of-fit test (v 2 = 1,135.45, df = 488, P < 0.001) indicated the data poorly fitted the general model (see Appendix S2 and Appendix S2: Table S1 ). The lack of fit was mainly due to a transient effect and to trap dependence. Accounting for an age effect on survival and heterogeneity in recapture probability in our general model resulted in an improvement to model fit (v 2 = 571.25, df = 409, P < 0.001), partly taking account of the variance not captured by the JollyMoVe model. Since the corrected test was still statistically significant, we thus used a variance inflation factor (ĉ = 1.4), estimated from the goodness-of-fit chi-square statistic of the global model divided by its degrees of freedom, in the model selection procedure. The variance inflation factor was taken into account by correcting the Akaike information criterion corrected for sample size (AIC c ) for overdispersion in the data (Burnham and Anderson 2002) .
Second, we performed a preliminary model selection to define a simplified model so as to investigate age effects on demographic parameters and recapture probability. Model selection was performed with a modified version of the quasi-AIC corrected for small sample sizes (QAIC c ; Akaike 1974) . Two models were considered to differ when the QAIC c difference was greater than 2 (DQAIC c > 2; Burnham and Anderson 2002) . When DQAIC c < 2, we selected the model with the smallest deviance. All estimates and QAIC c values were computed using program E-Surge v1.9.0 (Choquet et al. 2009b) . We reduced the general full age-dependent model by determining groups of age classes with similar values using a threshold methodology (Berman et al. 2009 , Pardo et al. 2013 , see Appendix S3 and Appendix S3: Table S1 ). This gave the best simplified model described in Table 1 .
Testing for a differential impact of environmental, prey and population size variations with age
We tested the age-specific effects of covariates separately on the four vital rates (φ, b, c, and d) with a correlative approach to assess their potential influence. For each vital rate, we used the selected model structure describing the age-dependent variations to which each covariate effect was added separately in interaction with age classes. We selected eight candidate covariates based on previous knowledge on seabird and South Polar Skua ecology. These covariates included the potential climatic, prey, and population size effects in both the breeding and wintering areas of South Polar Skuas: South Polar Skua population size, number of dead chicks of Emperor Penguins, number of breeding pairs of Ad elie Penguins, sea ice concentration during spring and summer, air Notes: [i : j] indicates that age classes were grouped from age i to age j. [i? j] indicates that age classes were separated between age i and age j. The two groups in recapture probability indicate the effect of heterogeneity. temperature during spring and summer, and sea surface temperature anomalies in the wintering area (see Appendix S4 for description of covariates). Analyzing the effects of covariates on demographic parameters was restricted to the period 1988-2014 because some covariates were not available before 1988.
Different sets of covariates were tested on each age class of each demographic parameter to evaluate their influence (see Appendix S5 and Appendix S5: Table S1 ). For early survival of individuals during their first two years of life, we tested covariates representing natal climatic conditions (i.e., all covariates except those of spring). For survival of individuals older than two years old and other demographic parameters all the covariates were tested -except for the breeding probability where summer covariates were not tested as they represented the period after establishment of territory and copulation.
As a first step, we tested for the presence of density dependence in each demographic parameter. In a second step each covariate was tested in addition to density dependence if the effect of the latter was significant. If several covariates were selected, a third step consisted of adding them in a final model and testing their interactions.
All relationships between covariates and vital rates were fitted using a logit link function: logitðhÞ ¼ a 0 þ a 1 Â x t , where h is a demographic parameter of a certain age class, a 0 is an intercept parameter, a 1 is a slope parameter, and x t is the value of the covariate at time t. For climatic covariates (sea ice concentration, air temperature, and sea surface temperature) we also fitted quadratic regressions, also using a logit link, to test for optimum type responses of vital rates. We then performed an analysis of deviance (ANODEV), which assesses the fit of a covariate model relative to that of both the constant and the time-dependent models, to test the significance of each relationship. ANODEV significance values were corrected with the Benjamini-Hochberg procedure to control for false discovery rate as the number of covariates tested was high (see Appendix S5). To assess the relative importance of each selected covariate relative to a given demographic parameter, we calculated the partial derivatives of vital rates with respect to each selected covariate in a sensitivity analysis (see Appendix S6).
The environment-dependent age-structured population model
In order to evaluate the influence of covariates at the population level, we used a deterministic density-dependent age-structured post-breeding matrix (Caswell 2001) to project the population for a large range of values of selected covariates.
We constructed a life cycle derived from the best ageclass description for each vital rate obtained from our capture-recapture analysis (see previous section and Results). It consisted of eight age classes: four immature classes (fledging F1, first year J2, second year J3, third year J4) and four mature classes (fourth year A5, sixth year A6, seventh year A7, eight years old or older A8 + ) (Fig. 1) . The population is projected from year t to t + 1 using the equation n tþ1 ¼ A½n t ; C t n t , where n t is vector including the number of individuals in each age class and A½n t ; C t is the density-dependent population projection matrix at time t, which contains the demographic rates as a function of population size n t and climate and prey population size covariates C t . The population reached a single equilibrium as only the fecundity was a function of the population size using the inverse of the sigmoidal logistic function (Neubert and Caswell 2000) .
Parameters in the projection matrix were survival from fledging to 2 yr old (φ 1 ), survival of individuals older than 2 yr old (φ 2 ), and the fecundity of each Vital rates with no significant relationship with a covariate were included as their mean value. When a vital rate had a significant relationship with one or more covariates, its yearly value was projected using the functional relationship estimated on the logit scale (see Testing for a differential impact of environmental, prey, and population size variations with age).
We projected the total population and the number of South Polar Skuas at equilibrium for a large range of values of selected covariates. Matrix parameterization and modeling was performed in MATLAB (Matlab version 9.4.0.813654 2018 and Symbolic Math Toolbox 8.1; Appendix S7). Each population was projected with 1,000 time steps, and initial distribution of individuals in each age class was randomly sampled and multiplied by 100 to get a biologically coherent size of initial population. Ten different simulations of the initial distribution of each class were performed to ensure that the populations in each given condition reached the same equilibrium.
RESULTS
Age-specific demographic patterns and temporal trends (Prediction 1)
Recapture probability was best modeled by two classes of heterogeneity showing the same pattern with a progressive increase of recapture probability from 1 to 13 yr old followed by constant rates at 0.930 AE 0.011 and 0.296 AE 0.038 (mean AE SE: Appendix S1: Table S2 ). Apparent survival was constant for ≥3 yr olds and averaged 0.908 AE 0.005, and was lower for 1 and 2 yr olds (0.756 AE 0.015; Appendix S2: Table S1 and Table 2 , Fig. 1 ). Two age classes best described age variation in probability to breed and to breed successfully: one between 4 and 6 yr old where probabilities were, respectively, 0.369 AE 0.037 and 0.522 AE 0.053, and one for individuals older than 7 yr old with, respectively, 0.881 AE 0.009 and 0.657 AE 0.013 (Appendix S2: Table S1 and Table 2 ). The probability to fledge two chicks was also best described by two age classes, between 4 and 7 yr old with a probability of 0.200 AE 0.040, and after 8 yr old with a probability of 0.279 AE 0.016 (Appendix S2: Table S1 and Table 2 ).
Positive temporal trends were found in apparent survival of both age classes (Appendix S5: Tables S2 and  S3 ). Apparent survival increased non-linearly in young individuals with a quadratic function (more deviance explained by the quadratic model and positive quadratic parameter estimate), and linearly for older ones (similar deviance explained by both models and quadratic parameter estimate not different from 0). For the 7-28 age class, there was a negative temporal trend in breeding probability (more deviance explained by the quadratic model) whereas a negative temporal trend in breeding success probability was linear (Appendix S5: Tables S2  and S3 ). No linear or quadratic temporal trend was found in covariates (see Appendix S5: Fig. S1 ).
Effects of population size, climate, and prey conditions (Predictions 2 and 3)
The detailed results of univariate ANODEV tests of density dependence and the covariates for each age class and for each demographic parameter can be found in the Appendix S8 (Appendix S8: Tables S1-S8). A summary with the retained models for each age class and for each demographic parameter is shown in Table 3 . Estimates of selected age-specific covariate effects on demographic traits are shown in Appendix S9 (Appendix S9: Table S1 ).
Density dependence was found in survival of both age classes but did not remain when accounting for the temporal trend in survival and after removing the trend in the covariate. For survival probability, only the survival of 1-2 yr old individuals was influenced by natal conditions (Appendix S8: Table S1 ). Both linear and quadratic effects of SIC in summer on survival of 1-2 yr old individuals were selected (Appendix S8: Table S1 ). However, the quadratic relationship on high values of SIC poorly fitted to the survival estimates (Appendix S8: Fig. S1 ), probably due to the structural constraint of the quadratic equation. Therefore, we retained a linear effect of SIC in summer, which indicated that survival increased with increasing SIC (Fig. 2a ). SIC in summer explained 31% of the proportion of deviance explained (relative to the constant and time-dependent models) in the survival of individuals during their first two years of life after fledging (Table 3) .
Breeding probabilities of young individuals seemed to be unaffected by climate and prey covariates, and the density-dependent effect did not persist when accounting for the temporal trend and after removing the trend in the number of breeding pairs. However, the breeding probability of individuals >7 yr old decreased with increasing breeding population size (Fig. 2b) , even in the presence of temporal trends (Appendix S8: Table S4 ). In addition, when testing additively the effects of density dependence and of other covariates on the breeding probability of individuals >7 yr old, all additive models were selected but only the linear effect of the number of Ad elie Penguin breeding pairs had a significant effect (the 95% confidence interval of the slope of the relationship with this covariate did not include 0; Fig. 1c ).
This final model explained 41% of the proportion of deviance in the breeding probability for individuals >7 yr (Table 3) . A model including an interaction between both covariates did not explain significantly any extra variance compared with the model including only the additive effects (the 95% confidence interval of the interaction parameter included 0 and the ANODEV between the model with and without the interaction parameter was nonsignificant, Ftest cst=covþinterac=t ð1;24Þ ¼ 0:008, P = 0.93).
The breeding success probability of both age classes was strongly negatively impacted by the number of Ad elie Penguin breeding pairs (Table 4 ; Fig. 2d, f) . Individuals between 4 and 6 yr old had less chance to breed successfully when SIC during summer was high ( Fig. 2e) . We retained the linear effect of SIC during summer because it was selected by ANODEV in the final model over the quadratic regression and was simpler, but the linear and quadratic regression gave very similar results. The model including an effect of the number of Ad elie Penguin breeding pairs and of SIC during summer explained 40% of the proportion of deviance in breeding success in young individuals (Table 3) , but no interaction between effects was found (the 95% confidence interval of the interaction parameter included 0 and the ANODEV between the model with and without the interaction parameter was nonsignificant, Ftest cst=covþinterac=t ð1;24Þ ¼ 1:596, P = 0.22). The number of Ad elie Penguin breeding pairs explained 40% of the variance in breeding success of older individuals (Appendix S8: Table S6 and Table 3 ).
No covariate effect was detected on the probability to raise two chicks successfully (Appendix S8: Tables S7  and S8 ).
The sensitivity analysis showed that survival and breeding success of young individuals were most sensitive to sea ice concentration (Table 4 ). Breeding success probability of young and older individuals showed a similar response to fluctuations in the number of breeding pairs of Ad elie Penguins. The strength of the effects of density dependence and of the number of breeding pairs of Ad elie Penguins was much smaller on the breeding probability.
Population prediction
The total number of breeding pairs of South Polar Skuas and the total number of individuals at equilibrium are shown on Fig. 4 as a function of Ad elie Penguin abundance and SIC in summer. The total population at (1, 24) 0.007 (0.001) 0.40 d 4-7 yr old no effect 8-28 yr old no effect
Notes: k, number of parameters estimated, Dev, deviance. ANODEV is the F statistic (F (df1,df2) ), R 2 is the proportion of deviance explained by the covariate. P is the Benjamini-Hochberg adjusted P value (with uncorrected values into brackets). Parameters are defined in Table 1. equilibrium reached its optimum value on relatively low numbers of Ad elie Penguin breeding pairs (20,000-30,000) and on medium values of SIC in summer (between 25 and 45%), and stayed high when SIC in summer increased. Both the breeding population (number of breeding individuals) and the total population of South Polar Skuas went extinct when SIC in summer was lower than 10% and when the number of Ad elie Penguin breeding pairs was >45,000. Taking the mean SIC in summer and the mean number of Ad elie Penguin breeding pairs during the last 10 yr of the study, the total population at equilibrium was at 820 individuals, including 196 breeding individuals.
DISCUSSION
Our comprehensive demographic study including the simultaneous effects of age classes, density dependence, prey, and climate indicated that all age classes and all life history traits of an apex predator did not equally respond to the same environmental variations (Fig. 4) . Our results showed an improvement of all vital rates with age. Our results highlight the greater sensitivity of reproductive traits and of younger age classes to prey abundance (Ad elie Penguins), climate variability (sea ice concentration) and density dependence in a marine apex predator, with important consequences on the total population size but with limited effects on the breeding population size. The effect on the number of Ad elie Penguin breeding pairs was weak on the breeding population size of South Polar Skuas, except on extreme values, and the effect of SIC in summer was in general stronger. Population size affected directly, and probably indirectly, the demography of this highly territorial predator. However, demographic parameters were overall more sensitive to climatic and prey fluctuations than to breeding population size variations. 
Early life vs. adult life-history traits (Prediction 1)
The South Polar Skua population in Pointe G eologie showed typical life history traits characteristic of longlived organisms, with a high and weakly variable adult survival and a low and variable fecundity (Stearns 1992 , Gaillard et al. 2000 , Gaillard and Yoccoz 2003 . As expected by life history theory, birds experienced a lower survival rate during their first two years of life after fledging, and a higher and more stable survival rate from age 3 onward, falling into the range of other Stercoraridae (Burton 1968 , Wood 1971 , Furness 1987 , Ainley et al. 1990 , Pietz and Parmelee 1994 , Julien et al. 2013 . Studies in mammals and birds have reported an increase in breeding performances with age attributed to lower experience, lower reproductive effort or higher proportion of lower-quality individuals in young ages (Gaillard et al. 2000 , Penteriani et al. 2003 , Rebke et al. 2010 . We found the same pattern with young individuals being poorer reproductive performers than older ones. The breeding probability of old individuals was twice as high than for younger ones and breeding individuals older than 7 yr produced an average of 0.84 fledglings per year, against 0.63 for younger breeders, which is consistent with the other populations and closely related species (Young 1963 , Spellerberg 1971a , Wood 1971 , Ainley et al. 1990 ).
Contrary to our prediction, no decrease in demographic rates was found for old individuals. Although our main aim was not to test for senescence patterns, three hypotheses may explain this result. First, our approach to model age classes specific variations in demographic parameters was based on threshold models and further modeling using nonlinear models such as quadratic, Weibull, or Gompertz models, more suited to test for senescence (Gaillard et al. 2004 , Nussey et al. 2008 , would be required. Second, senescence patterns may not be detected due to the sample sizes of older age classes with an insufficient proportion of mature birds reaching the age when senescence may become important. Third, individual heterogeneity was not taken into account when modeling adult survival. Unobserved individual heterogeneity affects the detection of senescence in wild populations because frail individuals disappear progressively as they age (Cam et al. 2002 (Cam et al. , P eron et al. 2010 . Age-dependent variation in vital rates has been suggested to vary between females and males but we do not have information on sex for most individuals, so our estimates are averaged between females and males.
Age-specific impact of environmental and prey covariates (Prediction 2)
As in other seabirds (Nevoux et al. 2007 , Rolland et al. 2008 , Pardo et al. 2013 , we found that this population were impacted by environmental factors but that these factors did not affect all fitness components in the same way (Fig. 3) . The strongest environmental influence was on juvenile survival and on breeding success of young individuals. Our sensitivity analysis suggested that sea ice concentration was the strongest factor impacting vital rates of South Polar Skuas and was restricted to younger age classes (survival and breeding success). Ad elie Penguin abundance mainly affected breeding success of all age classes, and to a lower extent the breeding probability of the older age class. As expected, adult survival was unaffected by environmental and prey factors.
High sea ice concentration in summer affected positively the survival of individuals during their first two years of life. South Polar Skuas feed mainly on eggs and chicks of Ad elie Penguins at Pointe G eologie, which are known to be ice obligate (Croxall et al. 2002 , Ainley et al. 2005 , Forcada and Trathan 2009 . During heavy ice years, foraging trips of breeding Ad elie Penguins during the incubation and the guard phase are prolonged due to decreased prey accessibility (Sp ee et al. 2010 , Ropert-Coudert et al. 2014 . As a consequence, breeding success decreases due to (1) an increased abandonment of eggs and young chicks by the nest-attending parent if its partner spends too much time foraging at sea and (2) an increase in chick mortality due to undernourishment (Wilson et al. 2001 , Emmerson and Southwell 2008 , Sp ee et al. 2010 , Ropert-Coudert et al. 2014 . We therefore strongly suspect a positive influence of a food surplus during these heavy ice years on South Polar Skua yearlings' body condition, potentially improving their post-fledging survival. Remarkably, high South Polar Skua juvenile survival occurred when sea ice concentration in summer was higher than %30%, corresponding to the sea ice concentration threshold from which Ad elie Penguin breeding success start to respond negatively in Pointe G eologie (Barbraud et al. 2015) .
The number of breeding Ad elie Penguins was negatively related to South Polar Skua breeding success for both age classes. This result appears counterintuitive at first, because we expected improved performance with increased food availability. Oro et al. (2014) reported in a long-lived seabird (Audouin's Gull, Larus audouinii) that food availability per capita shaped reproductive performance of individuals differently according to their ages (better performance for middle-aged individuals in contrast with inexperienced and senescent ones). During "poor years" when resource availability per capita is smaller, only high-quality individuals may breed due to more intense intraspecific competition, making the age pattern less marked. This is consistent with the greater sensitivity of breeding success to environmental parameters in young South Polar Skuas compared to older ones, with younger individuals probably suffering more from competition due to their inexperience. In the study of Oro et al. (2014) , all breeding parameters were positively related to food availability but in our study there were opposite responses of breeding probability (positive for old individuals) and breeding success (negative for both age classes). Thus, it seemed that even a higher quantity of prey at the beginning of the breeding period could not benefit all the individuals. However, some of these breeding pairs could be less demanding on the-quality of their breeding sites (e.g., nest sites more exposed to snow accumulation and runoff water from ice and snow melting, no Ad elie Penguin colonies in the territories) as observed in Pointe G eologie (all authors, personal observations). As the breeding population increases, especially during years with high numbers of breeding Ad elie Penguins, so does the proportion of low-quality individuals (inexperienced or with a lower competitive ability) relegated to poorer sites (Dhondt et al. 1992 , McPeek et al. 2001 , Kokko et al. 2004 , Gr€ unkorn et al. 2014 . Under the habitat heterogeneity hypothesis (Dhondt et al. 1992 ), hence with territories varying in quality, this could result in a higher rate of failure for the population, even if reproductive success does not decrease in all territories (Sutherland 1996 , Rodenhouse et al. 1997 , Newton 1998 , Gill et al. 2001 , Casado et al. 2008 . Fig. 2e suggested that the breeding success of young individuals was null on very high values of sea ice concentration in summer (>55%). During these years, Ad elie Penguin breeding failure might be such that young skuas could not complete the rearing of their chicks due to the low availability of food exacerbated by competition with older individuals. Breeding success parameters for young individuals were difficult to estimate, probably due to the low number of individuals successfully reproducing in this age class. This could have prevented us from detecting an interaction between the effects of the number of Ad elie Penguin breeding pairs and the SIC in summer on the reproductive success of young breeders.
Density dependence (Prediction 3)
Two forms of density-dependent processes have been proposed in birds: regulation by intraspecific competition for (limiting) resources (Charnov et al. 1976 ) and site-dependent regulation through territorial behavior (direct interference) (Rodenhouse et al. 1997) . Evidence for site-dependent regulation has been previously reported for several territorial bird species (e.g., Bald Eagle, Haliaeetus leucocephalus [Turrin and Watts 2014] , Brown Skua, Catharacta lonnbergi [Phillips et al. 2004 [Calsbeek and Sinervo 2002] ).
Skua territories include both breeding and feeding grounds (Ad elie Penguin colonies) at Pointe G eologie. As predicted from previous studies at the population level (Lande et al. 2002 , Pacoureau et al. 2018 , our results showed a regulation of this South Polar Skua breeding population. It was evidenced here through a negative feedback on the breeding probability of individuals >7 yr old. The negative density dependence in breeding probability was coherent with the negative temporal trend observed for this demographic trait while the breeding population increased over the study period.
Surprisingly, we did not detect a density-dependent effect on breeding success, despite the negative temporal trend in this vital rate as observed for the breeding probability. Defending a territory against conspecifics is generally costly in terms of time and energy, potentially limiting energy investment in reproduction, or increasing mortality risks during fights. South Polar Skuas start defend their territory just a few days after arrival on the breeding site, and do not stop until the breeding season is over (Spellerberg 1971b) . This is this highly territorial behavior that led us to suggest the habitat heterogeneity hypothesis for South Polar Skuas in the previous section, as it is found to be the main operating system in territorial birds of prey (Fernandez et al. 1998) . The alternative hypothesis is the individual adjustment (Lack 1954, Ferrer and Donazar 1996) , where a decrease in breeding performance of all individuals in colonial species is explained by interference competition. We believe that it could operate in addition to the habitat heterogeneity hypothesis, but probably to a lesser degree in our study system. These two hypotheses have been suggested by Gr€ unkorn et al. (2014) to explain negative density-dependent reproduction in a species sharing many common life history traits with birds of prey, the Raven, Corvux corax. Nonbreeders (i.e., floaters) constitute a significant part of seabird and skua populations (Katzner et al. 2011 , Penteriani et al. 2011 and could also play a significant role in competition. Our population size covariate used to model density dependence (number of breeding pairs) may not be adequate in this case, since it did not include non-breeders. Finally, although we could also have expected density-dependent mortality due to contests for breeding sites resulting in violent fights and direct mortality, those effects were not detected. The low positive temporal trend in survival rates in both juveniles and adults suggest that density dependence is unlikely to affect substantially those rates for the observed densities.
From demographic parameters to population dynamics
The matrix population model allowed modeling the combined effects of the variation in prey abundance, sea ice concentration in summer, and density dependence on population size and structure at equilibrium. The population at equilibrium was maximized with relatively low prey abundance (from 20,000 to 30,000 Ad elie Penguin breeding pairs) and sea ice concentration in summer between 25% and 45%. As predicted from a time series analysis of the number of South Polar Skua breeding pairs (Pacoureau et al. 2018 ), we found a strong effect of sea ice concentration on the population at equilibrium. A decrease in sea ice concentration in summer will have a considerable repercussion on the population at equilibrium if sea ice concentration falls below %15%. Above this threshold, sea ice concentration had little impact on the population at equilibrium. The absence of an effect of the number of breeding pairs of Ad elie Penguins on population growth rate in Pacoureau et al. (2018) seems more paradoxical. However, this seems supported by the results of the matrix population model (Fig. 4) showing that the variation in the number of Ad elie Penguin breeding pairs has a relatively small effect on the number of breeding South Polar Skuas. Prey had a positive effect on breeding probability of adults but a negative effect on breeding success probability of both adults and young. Therefore, the net effect on the population growth rate may be small and remained undetected in a time series analysis. Contrary to some of our predictions, we did not find a relationship between temperature or the number of dead chicks of Emperor Penguins and demographic rates. By contrast, we identified a new covariate (number of Ad elie Penguin breeding pairs) related to demographic parameters and thus population growth rate. A potential explanation for these discrepancies between the time series analysis and the capture-markrecapture approach is that our capture-mark-recapture analysis was based on marked chicks and ignored the immigrants that came into the Pointe G eologie population to breed. This was not the case for the time series analysis, which was based on the total number of breeding pairs, thus including local recruits and immigrants. Therefore, if immigration rate was positively related to the number of dead Emperor Penguin chicks and to temperature this could explain the decoupling of the relationship between this factor and population growth from that with vital rates (Tavecchia et al. 2016) . Another (non-exclusive) hypothesis is that the temperature effect, which was weak in Pacoureau et al. (2018) , was not detected in the present study due to a lack of statistical power for early life demographic parameters.
Average environmental conditions over the last 10 yr of the study period seemed favorable for the South Polar Skua population. However, our population model and counts of breeding pairs suggest that the number of breeding individuals had not reached its full optimum yet (98 breeding pairs predicted compared with a maximum of 80 breeding pairs observed). This difference is probably due to the transient dynamic of the actual population of South Polar Skuas, which has not stabilized yet. Following Intergovernmental Panel on Climate Change (IPCC) forecasts, sea ice concentration will fall approximately 20% during the next century in the vicinity of Pointe G eologie (Jenouvrier et al. 2014 ). If the reduction in sea ice concentration does not exceed 50%, we do not expect a decrease in the South Polar Skua population size at Pointe G eologie. However, even if the mean decrease of sea ice concentration is above the critical value for South Polar Skuas, we can still expect severe effects on the population size of South Polar Skuas due to the increased frequency of extreme events associated to climate change (Orlowsky and Seneviratne 2012 , Cai et al. 2014 , Stuecker et al. 2017 .
To conclude, our study brings a holistic insight of the underlying processes shaping the population dynamics by linking prey abundance, local climate, and density dependence to multiple vital rates and ultimately their interactions driving the population growth. Our results suggested the presence of inter-individual heterogeneity with differences in individual quality, calling for further investigation about the interactions between environmental variability and individual quality.
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